Abstract: Dielectrophoretic forces, generated by radio-frequency voltages applied to micromachined, transparent, indium tin oxide electrodes, have been used to condense suspensions of insulinoma cells (BETA-TC-6 and INS-1) into a 10x10 array of threedimensional cell constructs. Some of these constructs, measuring approximately 150 μm in diameter and 120 μm in height, and containing around 1000 cells, were of the same size and cell density as a typical islet of Langerhans. With the dielectrophoretic force maintained, these engineered cell constructs were able to withstand mechanical shock and fluid flow forces. Reproducibility of the process required knowledge of cellular dielectric properties, in terms of membrane capacitance and membrane conductance, which were obtained by electrorotation measurements. The ability to incorporate fluorescent nanosensors, as probes of cellular oxygen and pH levels, into these 'pseudo-islets' was also demonstrated. The footprint of the 10x10 array of cell constructs was compatible with that of a 1536 microtitre plate, and thus amenable to optical interrogation using automated plate reading equipment.
cell junctional complexes for cells forming three-dimensional, compared to those forming two-dimensional (monolayer), assemblies [7] .
This lack of a three-dimensional attribute, as well as the cues that result from the physicochemical properties of a normal in-vivo extracellular matrix, are known to alter cell-cell signaling events of tumor cells, stem cells and differentiated cells [8] [9] [10] , as well as gene expression [7] . We hope to find evidence for self-organizing processes within threedimensional assemblies of insulin secreting cells through, for example, detection of synchronous electrical activity, calcium fluxes and insulin release. In vitro self-organisation of cells in an artificial three-dimensional construct has recently been described for spheroids composed of hen embryo neurons [11] . These spheroids were cultured using cells derived from hen embryo neuroepithelial tissue. The neuronal networks in these artificial spheroids behaved significantly differently from monolayer cultures, even to the extent that single spontaneous action potentials were recorded.
The pseudo-islet cell assemblies described here were produced using DEP forces generated by electrodes formed of micromachined indium tin oxide (ITO)-coated glass slides. ITO-based microelectrodes have previously been used to demonstrate selective DEP positioning of cells in a three-dimensional matrix array [12] . More recently they have been used to produce multilayer aggregates of bacteria and mammalian cells [13, 14] as well as hydrogelencapsulated clusters of chondrocyte patterns [15] .
These earlier examples used photolithography to pattern the electrodes, but here we have employed laser micromachining [14] to fabricate an array of 200 μm diameter holes in the conducting ITO-layer. On application of an AC voltage signal the holes distort the field between the two ITO-electrodes to generate the high field gradients required to produce DEP. As shown here, this simple electrode geometry is capable of manipulating cells by both positive and negative DEP.
Negative DEP was used to condense a suspended mixture of cells and fluorescent nanosensors into an array of three-dimensional cell constructs. The nanosensors took the form of oxygen and pH sensitive dyes encapsulated inside inert nanoparticles known as PEBBLEs (probes encapsulated by biologically localized embedding) [17, 18] . These engineered cell assemblies were found to be sufficiently robust to withstand mechanical shock and laminar fluid flow forces. The controlled DEP manipulation of the BETA-TC-6 and INS-1 cells required knowledge of their dielectric properties, in terms of membrane capacitance and conductance.
These parameters were obtained by electrorotation measurements, and the results obtained are also reported here.
Experimental

Cell Samples
INS-1 and BETA-TC-6 (rat and mouse insulinoma β-cells, obtained from ATCC, Manassas, VA) were cultured using standard procedures [19] summarized here. The cells were grown in RPMI 1640 medium (Invitrogen) supplemented with 11 mM glucose, 10 mM HEPES, 10%
heat-inactivated fetal calf serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol, and 100U/ml penicillin-streptomycin. A humidified incubator was used and maintained at 37 o C with 5% CO 2 , 95% air. Immediately before the experiments, the cells were dislodged from the culture vessels by trypsinization, and washed twice in the media to be used in the DEP and electrorotation measurements (see below).
Cell-suspending media
Cell suspending solutions of physiological osmolarity were prepared for electrorotation and DEP experiments. Solutions of three different conductivities were prepared for the electrorotation studies. A solution of conductivity 11.8 mSm -1 contained 2mM glucose, 5.5 mM Hepes buffer, and was adjusted to 300 mos by adding 96 gL -1 sucrose. The pH was adjusted to pH 7.4 using NaOH, and the final conductivity was obtained by adding 0.1M KCl.
For the other preparations a stock solution was prepared, comprising: 140 mM NaCl; 5. C, to within ± 0.25%, using a YSI 3200 Conductivity Instrument (probe constant K = 1.0/cm).
Fluorescent nanosensors
Our objective is to monitor the electrophysiological properties of insulin-secreting cells (primary β-cells, as well as BETA-TC-6 and INS-1 insulinoma cells) in real-time, as they are formed into three-dimensional constructs using the DEP procedure described here. A potentially promising method for minimally invasive intracellular monitoring of key biological components (e.g., potassium, oxygen, calcium and pH) would be to incorporate nanosensors, rather than free dyes, directly into our artificial constructs at the time of their formation. To this end, we investigated the use of fluorescent nanosensors termed PEBBLEs (Probes Encapsulated By Biologically Localized Embedding') [17, 18] . These sensors, based on polyacrylamide, cross-linked decyl methacrylate, and silica-based sol-gel nanoparticle fabrication technologies, have been characterized in aqueous solution and also tested in intracellular surroundings. Each matrix can be used to encapsulate specific dyes, ionophores, or enzymes to produce spherical sensors of the order 100 nm in diameter. Following proven protocols [17, 18] , we prepared an acrylamide-based nanosensor to monitor extracellular pH, and another based on sol-gel encapsulation of an oxygen-sensitive platinum porphyrin dye.
In the experiments to incorporate these nanosensors into the DEP-assembled cell aggregations, 2mgml -1 of filtered, washed and air-dried PEBBLEs [18] were added to the cell suspensions before admission into the DEP chamber. The glucose concentration in the suspending medium was increased to 10 mM, by adding 0.18gm glucose plus 97ml doubledistilled water to 3ml of the electrorotation stock solution, and adjusting the osmolarity to 300 mos by adding 92.2 gmL -1 sucrose. The conductivity of this medium was 51.5 mSm -1 .
Electrorotation and dielectrophoresis (DEP) experiments
Before attempting to manipulate the insulinoma cells into three-dimensional constructs by DEP, knowledge of their electrokinetic behavior in electrolytes of known conductivity was required. In particular, it was important to predict the experimental conditions required to generate either positive or negative DEP movement of the cells. This information was derived using a contact-free method known as electrorotation, and was performed as described in previous work on INS-1 cells [20] . In brief, the suspended cells (~2x10 5 cells/ml) were subjected to a rotating electric field, and their electrorotation responses were visualized using a Zeiss Axioskop and recorded at 30 frames/sec for later analysis on a TV monitor. The diameter of the cells could be determined to an accuracy of ± 0.3 μm.
The DEP chamber is shown in Fig.1 , and comprised two microscope slides, located one above the other, spaced 220μm apart and encased in poly-dimethylsiloxane (PDMS). The cell suspensions were pipetted into the upper slide through one or more 1 mm diameter fluidic ports. The cells were more dense (specific gravity ~1.07 kg/l) than that of the suspending electrolyte (~1.04 kg/l), and were observed to settle within ~5 minutes to the bottom of the chamber. To avoid the cells sinking to the bottom of the chamber before they were subjected to a DEP force, the electrodes were electrically energized either at the same time as injection of the cells into the chamber, or within 10 secs after their injection. Typically, the DEP- The imposed electric field induces a surface charge distribution on the cell in the form of an electric dipole moment, whose magnitude and polarity depends on the frequency-dependent dielectric polarizabilities of the cell and surrounding medium [4] . If the field is non-uniform (i.e., there is a local field gradient) a DEP force will act on the induced dipole moment, 
Results
The mean values obtained for the cell radius r, and the frequency f pk at which the anti-field electrorotation rate was a maximum, are shown in Table 1 
with an intercept c given by
In these equations C m is the capacitance per unit area of the cell membrane, and m G is the total effective membrane conductance. This total conductance comprises contributions arising from the passive conduction of ions on the surface and across the membrane [20] . However, as shown in Fig.7 , the cell aggregations did not survive the effect of a passing fluidair meniscus. These results suggest that it would be possible to pass a gel forming solution through the DEP chamber, so as to encapsulate the cell aggregations in, for example, a porous organosilicon matrix that permits the passage of nutrients and by-products to and from the cells.
Experiments were also performed to demonstrate that fluorescent PEBBLE nanosensors could be embedded into the cell assemblies, and used as real-time monitors of such parameters as pH and dissolved oxygen levels. The nanosensor particles were mixed with the cells prior to their admission into the DEP chamber. Fig.8 shows images, obtained using a Zeiss LSM-510, multiphoton confocal microscope, taken at a plane 60 μm below the top of a cell+PEBBLE
assembly. These images demonstrate that the PEBBLE nanosensors were distributed throughout the cell aggregations. Furthermore, confocal microscopic examinations have
shown that some aggregations were approximately 150 μm in diameter, 120 μm in height, and contained around 1000 cells. It is therefore possible to produce artificial cell constructs of the same size and cell density as a typical islet of Langerhans.
Conclusions
The DEP chamber used in these experiments consisted of a very simple geometry, namely that of a capacitor formed by two parallel glass slides of 220 μm separation, each coated with conducting indium tin oxide (ITO). The ITO coatings were ~110 nm thick, and thus transparent. The uniform electric field that would otherwise be produced between the two electrodes was disrupted by 100 holes machined into and through the top ITO coating. Each hole was of 200 μm diameter and spaced 600 μm apart as a 10x10 array. The footprint of this array is compatible with that of a 1536 microtitre plate, and thus potentially amenable to optical interrogation using automated plate-reading equipment. This was an important consideration because of our long-term objective to use fluorescent nanosensors to monitor cell physiological activities in real-time.
The decision to machine holes of roughly the same diameter as the electrode separation (~220 μm) was aided by theoretical modeling of the electric field distortion (calculated as the product of local field strength and field gradient) created by their presence in one of the electrode planes. The negative DEP forces generated by this field non-uniformity was found to be sufficiently strong to condense suspensions of BETA-TC-6 and INS-1 cells into threedimensional cell constructs of roughly the same size and cell density as the pancreatic structures, known as islet of Langerhans, that regulate insulin levels in the blood. These constructs formed under the upper slide, where the ITO holes had been machined away, and protruded down into the perfusate. Furthermore, with the DEP force maintained, these threedimensional multicell constructs were found to be robust enough to withstand mechanical shock and fluid flow forces. This could permit their encapsulation using a gel forming solution. Another important finding was that fluorescent PEBBLE nanosensors, which we plan to use as non-intrusive, real-time, probes of extracellular key biological species, can readily be incorporated into these artificial cell constructs.
The simple electrode geometry described here was also found to permit controlled manipulation of the cells by both positive and negative DEP, and the ability to achieve this was aided by acquisition of the dielectric properties of the cells, in terms of their membrane capacitance and conductance, by means of electrorotation measurements.
Taken together, the results of this and the previous study [20] provide a new methodology for addressing questions related to cell-cell communication, vesicle fusion and insulin release.
Using the DEP formation of pseudo-islets of Langerhans we will be able to explore the nature and time scale of junctional complex formation, particularly gap junctions, and their role in also advances a novel method to observe changes in the extracellular activity of metabolites or ions during physiological responses.
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The straight lines represent the best linear regression plots of the data, and the corresponding linear equations are presented. Standard deviation values for the data points are given in Table 1 . perimeter. Confocal microscopy revealed that this aggregate was ~ 75μm in height, corresponding to 7~8 stacked layers of cells. For each image the conductivity of the suspending medium was 54.7 mSm -1 , and a 10kHz, 4V pk-pk, signal was applied. ~25ml/s, whilst maintaining a negative DEP force generated by a 10kHz, 4V pk-pk, signal.
BETA-TC-6 cells held beneath the ITO-holes by negative DEP remained in place, whereas other cells were removed. As expected, the DEP-induced cell constructs were dislodged (lower left) as a fluid-air meniscus advanced (from right to left) past them. 
